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Epitaxial growth of lattice-matched and strained heterostructures by molecular beam epitaxy (MBE) has 
reached a high level of maturity in terms of the understanding of growth mechanisms, and of the develop- 
ment of high performance and novel electronic and optoelectronic devices. In view of applications to next- 
generation devices, various approaches for the formation of quantum confinement nanostructures are being 
intensively studied. An area whose full potential is yet to be exploited is the growth of heterostructures on 
patterned substrates. In this article some of the latest results obtained in this area of research are presented. 
P lanar monolithic optoelec- tronic integrated circuits (KS) and photo& ICs are 
becoming increasingly important 
in the development of low cost 
components for optical telecom- 
munication and optical processing 
systems. A key to the realization of 
this integration is the ability to fab- 
ricate different devices (e.g. lasers, 
detectors, waveguides, transistors, 
etc.) near to one another on the 
same substrate. 
In addition, theoretical studies 
have predicted that a further re- 
duction of dimensionality, from 
two-dimensional quantum well to 
quantum wire and quantum dot 
(QD) structures, has great potential 
for enhancing the performance of 
photo& devices. 
The technique of growth on 
patterned substrates obtains these 
structures by selective growth on 
masked substrates or growth on 
non-planar substrates (Figure 1). 
In the masked substrates ap- 
proach, where the planar sub- 
strates are partially covered with a 
patterned mask such as dielectric 
or shadow mask, growth takes 
place selectively on the unmasked 
substrate regions. It is therefore 
possible to grow different devices 
by successive epitaxial steps. 
Growth on non-planar substrates, 
where patterns are defined by 
wet or dry etching, occurs in a 
non-selective way on the different 
surfaces. In this case the various 
devices are grown in a single 
growth step. Some of the earlier 
applications of non-planar growth 
for the integration of different 
devices include PIN-FETs’ , MSM- 
HEMTs2 and butt-coupled laser- 
waveguides3. 
various selective epitaxial 
growth approaches have been re- 
ported including the well-known 
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Figure 1. Different conditions of epitaxy on patterned substrates. 
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technique that uses V-groove pat- 
terned substrates to grow quantum 
wires (Figure 2).This article, how- 
ever, only presents a selection of 
results obtained by growth on pat- 
terned substrates. 
Patterned substrates 
The atomic force microscopy 
(AFM) shown in Figure 3 indicates 
that it is possible to achieve high 
interface quality in V-groove quan- 
tum wire (QWR) structures de- 
spite the use of lithography as a 
pre-growth processing step. The 
characteristic interface structure is 
a result of the combined effects of 
lithography seeding and the self- 
limiting growth on the corrugated 
surface. The features of the QWR 
interfaces thus revealed are partic- 
ularly important for evaluating the 
effects of QWR disorder on the lo- 
calization of free carriers and exci- 
tons in these structures. 
The surface structure of the V- 
groove QWRs depends on the 
thickness, as well as on the com- 
position, of the QWR layer. For 
GaAs QWRs, similar AFM analysis 
shows that the amplitude and the 
periodic&y of the quasi-periodic 
structure on the (31 l}A facets 
grow larger with increasing GaAs 
thickness*. In strained InGaAs/ 
AlGaAs surface QWRs, the quasi- 
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figure 2. A schematic diagram showing the processing steps required in fabricating a 
V-groove quantum wire. 
periodic (31 l)A structure is even 
more distinct, as shown in the AFM 
images of Figure 3, presumably due 
to the additional strain effects5. In 
this case, the modulated (311)A 
structure resembles an ordered ar- 
ray of QDs, all aligned along the V- 
groove axis. Triangular InGaAs 
islands can also be seen on the 
quasi-{ 1ll)A sidewalls, similar to 
the observed InGaAs SK dots 
grown on planar substrates. 
A QWR density larger than the 
groove density can be achieved by 
stacking several wires in a vertical 
geometry Stacking of a ‘tower’ of 
such identical wires is made possi- 
ble by the virtually perfect recovery 
of the surface profile achieved after 
growth of a sufficiently thick high- 
er-bandgap barrier on top of the 
core of the wire6. Such a 
G~~Wl45G%.55~ vertically 
stacked multiple QWR structure is 
shown in Figure 4. In this case, the 
wires were grown on a 3 nrn pitch 
grating. It can be seen that in this 
case the surface profile fully recov- 
ers to the self-limiting form after the 
growth of each AlGaAs barrier, re- 
sulting in identical GaAs QWRsThe 
minimum separation between 
wires is limited by the surface pro- 
file recovery in the AlGaAs barrier, 
as indicated by the point where the 
vertical quantum well (VQW) 
i 
cal separation decreases with de- 
creasing temperature and GaAs 
QWR layer thickness and with in- 
creasing Al mole fraction in the bar- 
riers; for typical GaAs/AlGaAs QWR 
structures it is about 10-30 nm. 
Interestingly, even in vertically 
stacked QWR structures with bar- 
rier thickness smaller than the crit- 
ical one needed for surface 
recovery, it is possible to obtain 
uniform QWR superlattice (SL) 
phases’.This is illustrated in Figure 
5, which shows several multiple 
GaAs/Al,,45Ga,.s5As QWR struc- 
tures with different AlGaAs barrier 
thickness. For barriers thinner 
than the critical thickness, the first 
few wires evolve in size and shape 
as a function of the period. 
However, after a few periods a 
branches reestablish their self-limit- new self-limiting SL phase is 
ing separation.This minimum verti- formed, exhibiting a new, periodic 
r 1 
na-lllllA 1 
-. - - , , ^...^ Hgure 3. lop-view flattened AFM images of a strained InO,,GaO,~sLAIGaAs sunace WWH 
structure grown on a corrugated surface. (Courtesy of Prof. E. Kapon). 
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Figure 4. TEM cross-sectional image of a 
vertically-stacked Ga4sLA10,,,Ga0,,$ls 
QWR grown by low pressure MOCVD at 
T=65O”C. (Courtesy of Prof. E. Kapon). 
variation of the surface curvature 
and identical wires. 
An array of inverted pyramids 
etched into GaAs (11 l)B sub 
strates, which is produced by opti- 
cal lithography, pattern transfer 
into an SiO,-mask and wet chemi- 
cal etching with Br-Methanol, is 
shown in the scanning electron mi- 
croscopy (SEM) image of Figure 
b.l(a).The Br-Methanol etching re- 
sults in pyramids with straight, 
(11 l}A oriented sidewalls forming 
sharp corners with radii of curva- 
ture in the 10 nm range’. Closely 
packed, 2D hexagonal or square 
lattices of pyramids with pitch 
ranging from 1.4 to 5.5 mn are fab- 
ricated using conventional pho- 
tolithography. Higher pattern 
densities are achievable, e.g., by e- 
beam lithography, with which 
pitches of 100 nm corresponding 
to pyramid densities of 1010.cm-2 
appear feasible. 
Figure 6.1(b) shows a similar 
pyramidal pattern after AlGaAs de- 
position using optimized growth 
conditions (growth temperature 
65O”C, total pressure of 20 mbar, 
V/III ratio of 500 and a nominal 
(100) growth rate of approximate- 
ly 0.1 runs1 in this case). Under 
these conditions, no growth takes 
place on the non-patterned { 1ll)B 
wafer surface; instead, the arriving 
growth species migrate and con- 
tribute to the growth inside the 
pyramidal holes. It can be seen in 
Figure 6.10>) that the originally 
planar {ll l}A pyramid sidewalls 
evolve into two vi&al (1ll)A 
planes during AlGaAs growth. 
Understanding the complex, low- 
dimensional heterostructure that 
develops during MOCVD in the 
pyramidal recesses requires a 
method for 3D structural analysis 
with nm-size resolution. Cross-sec- 
tional AEM is particularly well-suit- 
ed for such studies since it permits 
a 3D analysis using arrays of pyra- 
mids that are misaligned with re- 
spect to the (011) cleavage planes. 
Cross-sectional AEM images at con- 
trolled positions through the pyra- 
mid are then obtained by selecting 
a particular pyramid along the 
cleavage plane. Cross-sectional 
AFM images of a structure consist- 
ing of a thick AlGaAs layer with 
thin GaAs marker layers, obtained 
at two such planes, are shown in 
Figure 6.2.The diierent faceted re- 
gions shown in the schematic top 
view drawing in the inset of Figure 
6.2 can be identified in the AFM 
cross-section of Figure 6.2(a): a and 
a’ represent the slow growing, as- 
etched { 11 l)A sidewalls while b, b’ 
and c correspond to the faster 
growing, vicinal (111 }A planes. 
Two inter-facet corners are also 
visible in the x-AFM image: the 
main pyramid corner between b 
and c and the less pronounced cor- 
ner between the vicinal planes c 
and b' . The distance of these cor- 
ners (e.g. the length of facet c) is 
Figure 5. TEM cross-sections of V-groove GaAs/Al 0,45Ga0,5&s QWR superlattices with a 
1.8 nm thick GaAs layer and different thickness of the AlGaAs layer (tJ. (a)-(d) t,=60, 11.6, 
3.9 and 2.2 nm. (Courtesy of Prof. E. Kapon). 
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(a) as etched (b) after AlGaAs growth 
L 
Figure 6. (1) SEM top view images of sharp-bottom pyramids (a) before and (b) afterAlGz& 
depositions. (2) The as-etched (11 l}A pyramid sidewalls evolve into two vicinal {l 1 l}A facets 
during AlGa4.s growth. 
directly proportional to the hori- 
zontal distance of the cross-sec- 
tional plane to the centre of the 
pyramid, as seen in the schematic 
drawing in the inset of Figure 6.2. 
Thus, in a cross-section taken clos- 
er to the pyramid centre (Figure 
6.2(b)), facet c is smaller; the size 
of this facet can therefore be used 
to monitor the position of the 
cleaved surface with respect to 
the 3D heterostructure. The inset 
of Figure 6.2(b) shows a magnified 
view of the corner region be- 
tween the main facets. Right at the 
comer between the (11 l}A facets, 
an enhanced growth of GaAs is 
clearly visible. This corresponds to 
the formation of QWRs along the 
three primary comers between the 
{ 111 }A sidewaIls, similar to the case 
of the self-limiting V-groove struc- 
ture made on (100) substrates.The 
intersection of these three QWRs 
at the tip of the pyramid alone 
would form a QD at this point due 
to the superposition of the corre- 
sponding QWR potentials. 
The conductivity type of Si- 
doped GaAs layers grown by MBE 
on GaAs (nll)A oriented sub 
strates (n= 1,2,3) can be controlled 
by adjusting the growth condi- 
tions. Recently a new design of 
light emitting devices was pm 
posed by I?O.Vaccaro et al. lo (ATR, 
Japan). These takes advantage of a 
p-n junction formed in the plane of 
an epitaxial heterostructure grown 
on patterned GaAs (3 11)A orient- 
ed substrate. The lateral p-n junc- 
tion is formed by doping the GaAs 
epilayer with Si, where Si acts as an 
acceptor on the (3ll)A plane and 
as a donor on higher index (nl l)A 
planes. P-type and n-type doping 
are, therefore, obtained on the flat 
regions and on the slopes of the 
patterned substrate, respectively. 
Devices made using this design 
showed good electroluminescence 
at room temperature. The authors 
believe that the use of a lateral pn 
junction would allow direct injec- 
tion of electrons and holes in the 
active layer of devices such as 
lasers without having to overcome 
the large band gap layers used for 
optical confinement. 
VCSELs 
Low threshold current GaAs/ 
AlGaAs and InGaAs/GaAs vertical 
cavity surface emitting lasers 
(VCSEIs) emitting at the wave- 
length range of 0.85-0.98 pm have 
been reported by many groups 
around the world. However, in the 
wavelength range of 1.3-1.5 pm, 
which is suitable for optical fibre 
communication systems, only a 
few studies have demonstrated 
room temperature CW operation 
of long-wavelength VCSELs. This is 
Low - dislocation - density GaNLEO stripes 
GaN buffer layer 
II Substrate (sapphire, silicon carbide, etc.) I/ 
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Figure 7. Schematic diagram illustrating the lateral epitaxial overgrowth technique. 
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mainly due to the fact that it is dif- 
ficult to fabricate high reflectivity 
distributed Bragg reflector (DBR) 
mirrors using lattice-matched 
layers. In order to achieve high re- 
flectivity more than 45 pairs of InP 
and InGaAsP layers are needed, 
which presents a real challenge for 
the epitaxial growth and process 
ing of the VCSEL structures. 
H.Gebretsadik et al. 1 1 (University 
of Michigan, Ann Arbor, USA) 
demonstrated the growth of high 
quality GaAs/AlAs DBR mirrors on 
patterned InP-based heterostruc- 
hires. They found that defects did 
not form or propagate during re- 
growth of the thick DBR mirror in 
the mesa structures. Using this 
technique they also fabricated InP- 
based VCSELs designed for 1.55 
urn emission. 
Recently it was demonstrated 
that resonant tunnelling diode 
(RTD) based integrated circuits, in- 
cluding digital logic gates and 4-bit 
analog-todigital converters, oper- 
ate at speeds competitive with 
state-of-the-art transistor technolo- 
gies. These demonstrations moti- 
vated D.H.Chow et aZ.‘* (Hughes 
Research Labs, USA) to fabricate 
coplanar, monolithic integrated cir- 
cuits based on heterojunction 
bipolar transistors (HBTs) and 
RTDs. MBE growth of the integrat- 
ed device structure was performed 
on a patterned InP wafer. The cir- 
cuits, which have been tested, in- 
clude data buffers, frequency 
dividers and ring oscillators.All of 
these operated at frequencies in 
excess of 10 GHz. 
Overgrowth 
The epitaxial layer overgrowth 
(LEO) technique (Figure 7) has re- 
cently been demonstrated to be ef- 
fective in reducing the density of 
threading dislocations in GaN 
grown by metal organic chemical 
vapour deposition (MOCVD). It 
consists of partially covering a GaN 
layer with a dielectric mask such as 
SiO, and performing subsequent 
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regrowth so that GaN is over- 
grown over the masked areasThis 
LEO process, which uses the GaN 
grown in the exposed areas as a 
seed, produces stripes of GaN over 
the original mask stripes. This re- 
sults in a remarkable reduction in 
dislocation density to 510’ cm-*, 
S.Nakamura et al. I3 (Nichia 
Chemical, Tokushima, Japan) have 
used these low dislocation density 
single crystal GaN stripes to pro- 
duce laser diodes having very long 
(CW) continuous wave lifetimes 
(10 000 hours). 
The selective area growth tech- 
nique is available not only for the 
fabrication of semiconductor de- 
vices such as quantum wire and 
dot structures, but also for field 
emitters.T,Kozawa et al. l4 (Toyota, 
Japan) have used selective area 
growth to fabricate field emitter ar- 
rays of GaN.They obtained uniform 
micro-sized hexagonal pyramids of 
Si-doped GaN on dot-patterned 
GaN(OOO l)/sapphire substrates us- 
ing MOCVD at atmospheric pres- 
sure. The tip radius was less than 
100 rml. 
Conclusion 
In the growth of epitaxial layers on 
patterned surfaces the material 
properties are affected by the dif- 
ferent local mechanisms, surface 
kinetics, the interfacet diffusion 
and the desorption of the growth 
species.A great deal of work in this 
area is being undertaken in several 
laboratories worldwide.The under- 
standing of these mechanisms will 
allow for a lateral material confime- 
ment for novel device applications. 
It is believed that selective 
growth on patterned substrates is a 
promising area because it has 
many potential advantages 1 5. These 
include: defect-free quantum struc- 
tures; realization of confinement 
sizes unobtainable by standard 
electron beam lithography; atomi- 
cally smooth interfaces can be 
achieved by utilizing crystalline 
facets; the position of quantum 
structures can be controlled by 
patterning with standard lithogra- 
phy; excellent size uniformity can 
be obtained. 
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